these cytokines in the etiology of pain. In arthritic patients, IL-1β is elevated in both their plasma and synovial fluid level as compared to levels obtained from normal populations [10] . IL-1β shows a potent proinflammatory and hyperalgesic action in animal models [6, 11, 13] by stimulating the synthesis and release of other mediators of inflammation and hyperalgesia including nitric oxide, prostaglandins, and substance P [9] . Furthermore, in association with IL-1β expression, there appears to be an increased expression of nerve growth factor [22] and bradykinin B1 receptors [6] along with alterations in sympathetic fiber activity [2, 34] .
In addition to IL-1β, there are significant findings that implicate the role of IL-6 in the inflammatory response of the nervous system. IL-6 has been shown to be produced both locally, at the site of peripheral nerve injury, and centrally, in response to nerve damage [7] . Kang et al. [20] demonstrated that herniated human lumbar intervertebral disc tissue spontaneously produces high levels of IL-6. Elevated human serum IL-6 levels have been detected in patients with rheumatoid arthritis, ankylosing spondylitis or non-inflammatory back pain [15] . Xu et al. [41] reported that IL-6 deficient mice had a significantly lower response threshold to both mechanical and thermal stimulation in comparison to normal controls after localized carrageenan injection. DeLeo et al. [7] showed that IL-6 produced allodynia in normal rats and thermal hyperalgesia in rats with previously lesioned sciatic cryoneurolysis. Hori et al. [18] demonstrated that IL-6 and TNF induced hyperalgesia in a prostanoid-dependent way in rats. These reports suggest that IL-6 may be involved in the cascade of events leading to the development and maintenance of neuropathic pain.
Another important cytokine related to inflammatory responses is TNF. Intra-plantar injection of exogenous TNF induces mechanical [5] and thermal [31] hyperalgesia, presumably by activation and/or sensitization of nerve terminals. In addition, TNF induces ectopic activity in nociceptive primary afferent fibers [36] . TNF and IL-1β were reported to enhance pain response following administration of illness-inducing substances such as lithium chloride and endotoxin [26] .
Given the suggested important roles of IL-1β, IL-6, and TNF in the literature, the current study sought to determine the response of the application of these cytokines on dorsal roots in an established electrophysiological model in the rat. In the present study, changes in the electrophysiological parameters were followed over time. These parameters were multi-unit discharge activity, identified single-unit discharge activity, and mechanosensitivity of the receptive fields. Elucidation of the physiological effects of these proinflammatory cytokines on nerve roots will provide insight into understanding the etiology of lowback pain and sciatica.
Materials and methods

Preparation of the animals
All procedures were approved by the Animal Investigation Committee at Wayne State University. Twenty-three adult male SpragueDawley rats weighing 350-400 g were used. They were sedated and anesthetized by intramuscular injection of ketamine hydrochloride (43 mg/kg), xylazine (7 mg/kg) and torbutrol (0.1 mg/kg) as needed throughout the experiment.
A midline dorsal longitudinal incision was made over the lumbar spine, and the multifidus muscles were removed along the The hollow arrow indicates the site of application. The S1 dorsal root was separated into the three rootlets. All dorsal roots and rootlets were intact to the spinal cord (shown cut for illustration purposes) L3/S2 spinous processes. An L4/S1 laminectomy was performed with fine bone rongeurs, and the dura was exposed. The rat spine was secured at the third lumbar and second sacral spinous processes by means of a spine-holding device. A pool was formed from skin flaps, and the spinal cord was covered in warm (37°C) mineral oil (Fig. 1) .
Extracellular recording
Identification of multiple units
After opening the dura, the left S1 dorsal root was carefully separated into two to three rootlets and draped over a dual-bipolar platinum-recording electrode at the L5 disc level. The S1 dorsal rootlets contained afferent impulses (units) from nerve fibers innervating the base of the tail (receptive field) with higher mechanical thresholds. This rootlet was identified and studied. Multi-unit recordings were made from intact sacral dorsal roots.
The impulses on two channels were amplified, monitored on an oscilloscope and an audio-monitor, digitized and analyzed using PC-based spike discrimination and frequency analysis software. All software was part of the Enhanced Graphics Acquisition and Analysis system (EGAA; R.C. Electronics, Goleta, Calif.). For detailed analysis later, the data were also simultaneously recorded on an analog tape recorder (MR-30; TEAC, Montebello, Calif.).
Identification of single units
In each experiment, recorded multi-unit activity was later analyzed via the EGAA software system for differentiating the single units. A single unit present in both channels was identified by its amplitude and its conduction velocity. They were discriminated and analyzed by the EGAA system software in the same way as the multiunit recordings were analyzed. The advantage of characterizing conduction velocities (CVs) of single units is that implications can be drawn about the effect of cytokines on neurons with different axonal diameters that serve different functions. Group IV, C fibers (0.5-2 µm diameter, unmyelinated) primarily carry pain, itch, temperature, and crude touch; group III, A-delta fibers (1-5 µm diameter, finely myelinated) [33] transmit pricking pain, temperature, and crude touch sensations to the central nervous system; and group II, A-beta fibers (5-12 µm diameter, myelinated) predominantly innervate muscle spindles.
To calculate the conduction velocities (CVs), the distance between the recording electrodes was measured (in millimeters), and this was divided by the onset latency (in milliseconds) of the evoked response. The units that had a conduction velocity of less than 2.5 m/s were classified as group IV, and those with a velocity of between 2.5 and 20 m/s as group III units. Group II units were in the range of 20-70 m/s. Units with CVs more than 70 m/s were classified as group I units (12-20 µm diameter, large myelinated; A-alpha fibers).
Mechanosensitivity measurements
In each experiment, mechanosensitivity of the receptive field was probed. The receptive field (responsive area) was identified at the base of the tail with a fine-tipped glass probe. It was then stimulated with calibrated nylon filaments, with the compression magnitude ranging from 0.4 to 24.4 g (Aesthesiometer; Stoelting, Wood Dale, Ill.). Mechanical threshold was characterized by using successively stronger nylon filaments until the nerve began to fire (increase in discharge rate). Mechanosensitivity was determined 30 min before cytokine application (baseline) and every 30 min subsequent to the application of cytokine.
Application of IL-1β, IL-6, and TNF IL-1β, IL-6, or TNF (Pepro Tech, Rocky Hill, N.J.) were diluted to 5 µg/ml in 0.9% buffered saline, pH 7.4. After characterizing the receptive field, 20 µl (100 ng) of IL-1β (n=6), IL-6 (n=5), TNF (n=6) or vehicle alone (n=6) was applied onto the dorsal root of interest, distal to the recording electrodes. Since the vehicle was water based, the mineral oil pool kept the solution in place where it was applied onto the dorsal root.
Discharge rate changes
The discharge rate of the units was followed for over 3.5 h for each experiment. First, spontaneous baseline neural activity (discharge rate) was recorded. Once the stable baseline activity was established, successive recordings were made throughout the experiment; 15 and 5 min prior to application, continuous recording 1 min before until 5 min after the application, 10 and 15 min after the application, and every 15 min thereafter. In addition, any sudden change of activity, observed on the oscilloscope, audiomonitor, or simultaneous EGAA histogram, was recorded until the activity stabilized for at least 2 min.
Data acquisition and statistical tests
The data, stored on an analog cassette tape, were later digitized and analyzed using spike discrimination and frequency analysis software. EGAA template matching, pattern recognition or window discrimination system software was used to discriminate and count spikes. The spontaneous background activity from each experiment was studied as spontaneous discharge rate and calculated as impulses per second (imp/s). The change in discharge rate for each experiment was also studied and expressed as a percentage change from the baseline spontaneous discharge rate. Data of the threshold for mechanosensitivities were also examined in detail for each analysis via EGAA system software. The data were grouped with respect to the type of applications and the conduction velocities. For statistical analysis, time effects were analyzed by repeatedmeasures analysis of variance (ANOVA) within groups as well as between-subjects within the groups. Pairwise comparison [Post Hoc (Scheffe)] tests were used to analyze the differences between the groups at corresponding time points. P-values less than 0.05 were considered significant. The averages are given as the mean ± standard error of the mean (SEM). The statistical results were categorized as (i) changes in the entire trend over time, (ii) changes at individual time points compared to previous activity, (iii) for each unit, whether that unit represents its group in the application under analysis, and (iv) comparison of the response patterns of different groups.
Results
Multi-unit discharge rate
Comparison of the response patterns
When the average discharge rate of each cytokine and vehicle application group was analyzed over time, a different response pattern was generated for each ( Fig. 2A, Fig. 3A , Fig. 4A ; P<0.003).
• IL-1β applications ( Fig. 2A, n=6 ): For IL-1β, the only significant increase observed was at the time of appli-cation (P<0.04). The discharge rate remained very stable for over 2 h 45 min, and significantly decreased after 3 h (P<0.02).
• IL-6 applications (Fig. 3A, n=5 ): IL-6 demonstrated a trend of decreased rate of multi-unit activity over 3 h (P<0.007). The turning point of this significant decrease was at 1 h 45 min after the application (P<0.037).
• TNF applications (Fig. 4A, n=6) : Among the four applications, the multi-unit discharge rate was the most significantly decreased over time with TNF (P< 0.0001). The first significant decrease was observed at 75 min after the application, and remained low for another hour (P<0.047). After a brief return to baseline at 135 min, the discharge rate decreased again at 150 min (P<0.003).
• Vehicle applications (n=6): After vehicle applications no statistically significant changes in discharge rate were observed.
Mechanosensitivity of the receptive fields
• IL-1β applications (Fig. 2B, n=6) : The threshold for the mechanical sensitivity of receptive fields showed a sig-470 Fig. 2A ,B Application of 100 ng of interleukin-1 β (IL-1β; n=6) in 20 µl buffered saline solution (pH 7.4). A The ratio of the average multi-unit discharge rate after the IL-1β application to the rate before the application over time. In all IL-1β experiments the response patterns showed similarity (P<0.00001). There was an increase in discharge rate during the application (P<0.04) following a decrease in trend over 3 h (P<0.02). B Changes in mechanosensitivity of the receptive fields after the IL-1β applications (n=6). At 90 min after the application the receptive fields were activated by lower mechanical stimuli than before the application (indicating hypersensitivity) Fig. 3A ,B Application of 100 ng of interleukin 6 (IL-6, n=5). A At 105 min there was a significant decrease (P<0.037). Overall, in all IL-6 experiments, the response patterns showed similarity, and all showed statistically significant decreases over time (P<0.007). B No changes in mechanosensitivity of the receptive fields were observed over time nificant decrease (increased sensitivity) only at 1.5 h after the applications (P<0.04).
• IL-6 applications (Fig. 3B, n=5) : No change in mechanosensitivity was observed at any point.
• TNF applications (Fig. 4B, n=6) : Overall, the trend of changes in mechanosensitivity throughout the experiments was statistically significant (P<0.035). A significant decrease in mechanical threshold (increased mechanosensitivity) was observed only at 1.5 h and 2 h after the TNF application (P<0.046 in comparison to the previous threshold levels).
• Vehicle applications (n=6): No change in mechanosensitivity was observed at any point. 
IL-1β applications
In the six animals, 16 group III units (8.81±1.44 m/s) were identified. They showed a significant decrease in discharge rate at 10 and 15 min after the IL-1β applications. After a brief return to the baseline at 30 min, the discharge rate was significantly decreased again at 45 min and remained at a decreased level until 105 min (Fig. 5A, P<0.02 ). In the remainder of the experiment the discharge rate returned to the baseline. The receptive fields became more sensitive to the mechanical stimuli beginning at 30 min after the IL-1β applications. The threshold decreased from 11.5±1.0 to 7.5±1.3 g (P<0.0005) and remained significantly lower over 3 h (Fig. 5B, P<0 .0005). The largest decrease was observed at 90 min after the application (P<0.0001). Group II (36.75±6.33 m/s, n=10) units, however, did not show any significant change in discharge rate over time. Their mechanosensitivity on the other hand displayed a decrease at 2 h after the IL-1β application (P<0.02, data not shown).
IL-6 applications
In the five animals subjected to IL-6 applications, group III units (8.29±0.85 m/s, n=14) exhibited an initial increase during the application (P<0.0002), then the discharge rate gradually decreased over 3 h (Fig. 6, P<0.008) . On the other hand, five group II units (57.40±7.48 m/s) examined did not display any changes over time (data not shown). There was also no significant change in mechanosensitivity in either group II and III units over time (data not shown).
TNF applications
In six applications of TNF, group III units (7.44±1.18 m/s, n=16) demonstrated a significant increase in discharge rate at the time of application up to 15 min (P<0.03), then decreased over 1 h (P<0.03), and remained decreased over time (Fig. 7A, P<0.0001) . The mechanosensitivity of the 472 Fig. 6 The discharge rates of the 14 group III units (8.29± 0.85 m/s) after the 100 ng IL-6 applications. The discharge rate displayed a significant decrease over time, except for during the application, when the rate increased (P<0.008) Fig. 7A ,B The group III unit (7.44±1.18 m/s, n=16) after the 100 ng TNF applications. A The discharge rate of the units was increased significantly for 15 min (P<0.03), then decreased over 1 h (P< 0.03) and remained decreased over time (P<0.0001). B The mechanosensitivity of the receptive fields of the group III units displayed a significant response pattern over time (P< 0.0005). Thirty minutes after the application, the mechanical thresholds decreased significantly, and remained low (P< 0.0008) until 3 h, when they returned to baseline values receptive fields displayed a significant response pattern over time (Fig. 7B, P<0.0005 ). Thirty minutes after the application, the mechanical thresholds decreased significantly and remained low (P<0.0008) until 3 h, with a return to the baseline values. Group II units (36.20±4.57 m/s, n=5) also showed a significant decrease in their discharge rates over time (Fig. 8A, P<0.02) . The first significant decrease was noted at 75 min after the application (P<0.04). The threshold for mechanical stimuli was also decreased, at 30, 120 and 150 min after the applications (Fig. 8B, P<0.02 ).
Vehicle applications
Only two group II and two group III units were identified in six control experiments. Their responses were not analyzed statistically, due to the small sample size.
Discussion
Our results demonstrated that both the discharge rate of sensory units and mechanosensitivity of the tail receptive fields in rats are altered upon direct application of the proinflammatory cytokines IL-1β, IL-6, and TNF on dorsal roots. The most striking finding in our results was the decrease in neural activity after all three cytokine applications.
We analyzed mechanosensitivities and discharge rates of both multiple and single units. By analyzing single units, assumptions can be made regarding the effects these cytokines have on the known physiological roles of nerve axons of different diameters. Our results have shown that group III units (A-delta, small myelinated nerves) displayed decreased discharge rate with each cytokine application. Group III units are known to transmit sensory information relating to pricking pain, temperature, and crude touch to the central nervous system [16] . Group II units only showed a decrease in their discharge rate with TNF application. Group II units (A-beta fibers) carry afferent sensory information from specialized nerve endings, which sense touch, pressure, and stretch and velocity of stretch (namely Meissner's, Pacinian corpuscles, and muscle spindles, respectively) [19] .
The decreased discharge activity of the sensory nerves may indicate cytokine-specific responses of the nerve fibers and/or neurotoxic effects at the dose used in this study. Several researchers have shown the effects of various doses of IL-1β, IL-6, and TNF (0.001-1000 ng) on the expression of inflammatory substances, neural activity, and hyperalgesia to be both time and dose dependent [4, 11, 12, 13, 14, 18, 31, 36] . In a study by Fukuoka et al. [13] , various doses of IL-1β injected into the rat hind paw led to an increased discharge rate, lowered thresholds and higher discharge to stimulus compared to controls at low doses of 0.1-100 pg. On the other hand 100 ng IL-1β produced hypoalgesia in the same study [13] . In a study with pigs, epidural application of 1.66 µg of TNF-α showed a reduction in nerve conduction velocity recorded from tail muscles similar to the application of nucleus pulposus [1] . The dose used in our study (100 ng) was moderate. Further work is warranted to study time-and dose-dependent responses, to fully understand the effects of IL-1β, IL-6, and TNF on neuronal functions. The preliminary data obtained from our current work indicate that at doses of 0.5, 1, and 5 ng, the same cytokines had a little or no effect on neural functions using a similar setup (unpublished data). A The discharge rate of the units showed a significant decrease over time (P<0.02), beginning at 75 min after the application (P<0.04). B The mechanosensitivity of these group II units was decreased only at 30, 120 and 150 min after the 100 ng TNF applications (P<0.02)
While the neural activity decreased in these studies, the overall mechanosensitivity of the peripheral receptive fields increased in response to IL-1β and TNF dorsal root applications (but not with IL-6 or vehicle). In particular, the increased mechanosensitivity of group III units to IL-1β and TNF may suggest a possible role in nociception. Action potentials travel both antegrade and retrograde. Retrograde signals are transmitted through the dorsal root ganglion down to the periphery [19, 40] . This may possibly cause the release of neurogenic inflammatory mediators such as substance P to decrease the threshold. Unfortunately, we were not able to characterize the response of group IV units, which transmit primarily pain and temperature. Small-amplitude units, which may include group IV units, were present in the multi-unit activity, but these are difficult to evaluate in multi-unit data.
The neurophysiology model we used in this study was modified from earlier studies [3, 28, 29, 30, 38, 42] . Our previous studies revealed unique characteristics of neural response to inflammatory chemicals thought to play a role in low-back pain and sciatica. In those studies, we monitored neural activity in response to direct application of substance P (a neurogenic inflammatory agent) [42] , carrageenan (a producer of tissue inflammation) [28] , phospholipase A 2 (a principle component of the arachidonic acid cascade) [3, 29, 30] , and nucleus pulposus (an agent that may cause all these previously mentioned effects) [38] . Substance P appeared to have a direct excitatory effect on receptor sites at or near nerve endings [42] . Carrageenan had a more prolonged effect, which likely involved the release of several inflammatory agents over several hours [28] . Phospholipase A 2 appeared to be neurotoxic in acute studies in which it is applied on receptive fields [29] , and on the dorsal root ganglion [30] , and in chronic studies in which it produced demyelination of the dorsal roots [3] . When applied to dorsal roots, nucleus pulposus produced excitation as well as increased mechanosensitivity of the dorsal root ganglion [38] .
At the cellular level, hyperalgesic inflammatory substances (i.e., carrageenan [39] , prostaglandin E 2 , serotonin and adenosine) decrease the activation threshold, increase the rates of activation and inactivation, and increase the magnitude of tetrodotoxin-resistant Na + current [25] . Selective expression of tetrodotoxin-resistant Na + channels has been found to be largely restricted to a subpopulation of neurons with nociceptor characteristics [25] . An increase in the Na + channel concentration, also reported by Chen et al. [2] , may play a role in the generation of ectopic discharges in dorsal roots after the exposure to nucleus pulposus.
Conclusion
Our results showed that application of IL-1β, IL-6, and TNF on the lumbar dorsal roots produced a decreased sensory neural activity, i.e., decreased activity of group III units (A-delta fibers). Possible neurotoxicity of these substances and diminished input to the dorsal spinal horn neurons may lead to sensory changes. In the presence of a spinal hyperexcitability state such as "central sensitization," A-delta and A-beta touch afferents may give rise to the sensation of pain [8] .
In our studies, application of IL-1β and TNF on the lumbar dorsal roots also produced increased mechanosensitivity of the peripheral receptive fields. This phenomenon might suggest that dorsal roots may be impaired by these pro-inflammatory cytokines.
Overall, these findings warrant future studies to investigate the effects of dose-response relationships of proinflammatory cytokines and application of multiple cytokines on nerve root and dorsal root ganglion in both acute and chronic studies in order to fully elucidate their potential pathophysiological role in radiculopathy/sciatica. 
